Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease, characterized by infiltration of the synovium, a structure that lines the joints, with inflammatory cells. The thickened synovium forms a lesion called pannus that slowly destroys the cartilage and the bone adjacent to the joint. Both the small joints of the hands and feet and the larger joints such as the knees and wrists become damaged in RA, ultimately leading to severe functional impairment. More aggressive forms of RA also involve extra-articular tissues, causing lung inflammation, splenomegaly with cytopenia, skin nodules, and vasculitis. Therefore, treatment of RA aims at stopping the inflammatory response before permanent damage occurs.
The first-line treatment, in inflammatory arthritis, is methotrexate (MTX) 1 a potent antimetabolite drug that interferes with the metabolism of folic acid by inhibition of DHFR (dihydrofolate reductase). MTX, as compared with anti-inflammatory drugs that merely alleviate temporarily the symptoms of joint inflammation, changes the course of the disease, retarding or even preventing the development of bone erosions. Since tumor necrosis factor-α (TNF-α) plays a central role in the pathogenesis of RA, 2 anti-TNF-α drugs (e.g., infliximab is an immunoglobulin G-1 [IgG1] antibody that binds to soluble and cell membrane-bound TNF-α with its inactivation [3] [4] [5] [6] [7] [8] [9] ) are frequently used in forms of RA that are resistant to traditional therapeutic approaches and have acquired a prominent place in the management of rheumatologic conditions and psoriasis. Thus, both MTX and infliximab are efficacious in the treatment of inflammatory arthritis, though these 2 drugs have very different mechanisms of action and safety profiles. 10 They have a good safety profile; however, with increasing use of these agents, adverse events have been reported. Some of these adverse drug reactions can be similar to the underlying disease for which they are given, making management of the autoimmune process in rheumatoid arthritis depends on activation of immune cells, which utilize intracellular kinases to respond to external stimuli such as cytokines, immune complexes, and antigens. CD4+ t cells comprise a large proportion of the inflammatory cells that invade the synovial tissue and may therefore be a cell type of pathogenic importance. Both methotrexate and infliximab are effective in the treatment of inflammatory arthritis; however, the biological effects triggered by these treatments and the biochemical mechanisms underlining the cell response are still not fully understood. thus, in this study the global metabolic changes associated with methotrexate or infliximab treatment of isolated human CD4+ t cells were examined using gas chromatography/mass spectrometry or liquid chromatography/mass spectrometry. In total 148 metabolites involved in selective pathways were found to be significantly altered. overall, the changes observed are likely to reflect the effort of CD4+ cells to increase the production of cellular reducing power to offset the cellular stress exerted by treatment. Importantly, analysis of the global metabolic changes associated with MtX or infliximab treatment of isolated human CD4+ t cells suggested that the toxicity associated with these agents is minimal when used at clinically relevant concentrations. these conditions challenging. 11 For example, anti-TNF therapy is used for the treatment of psoriasis, but psoriasis form lesions are sometimes observed in patients receiving therapy. Similarly, anti-TNF therapy is used for the treatment of rheumatologic diseases, but arthralgias and arthritis are sometimes observed in patients receiving anti-TNF agents.
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In the last few years, several lines of evidence suggested that several metabolic changes in cells that participate in inflammation are needed to obtain polarization and activation of cells as lymphocytes. [12] [13] [14] [15] Inflammation is triggered in response to tissue injury or infection, and mounting an inflammatory response is an energy-intensive process. The products of inflamed tissues that provoke inflammation can activate T cells. [16] [17] [18] Indeed, T cells are prime examples of how cell metabolism can be dramatically altered to support the specific needs and functions of each cell state. A central feature that allows this flexibility in metabolism is direct regulation of metabolic pathways by cell-extrinsic signals that drive T-cell survival, growth, and proliferation. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] In each case, if metabolism fails to match the demands of the cell, cell function is impaired, or cells can undergo apoptosis. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] Conversely, excess metabolism may prevent apoptosis, exacerbate cell function, thus promote T-cell hyper-reactivity, and lead to autoimmunity and inflammatory diseases. 34, 45 Thus, it is critical to appreciate how T-cell metabolism is regulated, and how alterations in cell metabolism impacT-cell function and fate.
The aim of this study was to use a metabolomic strategy to investigate and characterize global biochemical profiles observed in human CD4+ T cells following administration of 2 doses of MTX or infliximab. This has revealed underlying biochemical phenomena associated with the treatment, and these data, in the longer term, will provide insights that help the development of a better understanding of the disease state. Clinically relevant concentrations of the drugs were used, allowing us to also investigate potential toxic off-target effects.
Results
Global biochemical profiles were determined in human CD4+ T cells and compared across treatment groups. Human CD4+ cells were isolated and treated with 2 different doses of MTX (10 nM or 100 nM), IgG1K control or infliximab (1 μg/ ml) for 24 h before harvest for global metabolic profiling. Global biochemical profiles, by either gas chromatography/mass spectrometry (GC/MS) or liquid chromatography/mass spectrometry (LC/MS/MS), were performed as described, 46, 47 and a total of 148 metabolites were identified ( Table 1; Table S1 ) and involved in the pathways described below.
Glucose metabolism
Glucose plays an important role in T-cell energy metabolism. The levels of maltose (Fig. 1A) , maltotriose (Fig. 1B) , and maltotetraose (Fig. 1C) intermediates involved in glycogen metabolism showed a non-statistically significant downward trend in the MTX-treated groups, consistent with a possible alteration in glycogenolysis. No significant change was observed in mannose-6-phosphate levels (Fig. 1D) . In comparison to the IgG1K group, the above metabolites showed an upward trend in the infliximab-treated group, suggesting an opposite, but subtle, impact of MTX and infliximab on glycogen metabolism.
Glycolytic intermediates prior to phosphofructose kinase 1 (PFK1) activity in glycolysis (glucose, Fig. 2A MTX treatment resulted in an increase in the levels of 6-phosphogluconate (Fig. 3A) , the metabolite generated from the committed step of pentose phosphate pathway (PPP) catalyzed by glucose 6-phosphate dehydrogenase possibly indicative of a subtle increase in the PPP activity. This may reflect the effort of CD4+ cells to increase the production of cellular reducing power (NADPH) to offset the cellular stress exerted by MTX. Other biochemicals involved in the PPP, ribulose 5-phosphate ( Fig. 3B) , ribose 5-phosphate ( Fig. 3C) , sedoheptulose 7-phosphate ( Fig. 3D) , ribose ( Fig. 3E) , and ribulose ( Fig. 3F) , also demonstrated subtle fluctuations supportive of a possible disturbance in the PPP. Inflammation 12-HETE ( Fig. 4A) , an eicosanoid from arachidonate produced by lipoxygenase is a proinflammatory mediator implicated in the pathogenesis of psoriasis. Compared with their corresponding controls, both 100 nM MTX and infliximab caused a non-statistically significant reduction in the levels of 12-HETE, indicative of a possible and subtle inhibition of inflammation. Within cells, glycerophospholipids represent key reservoirs for polyunsaturated fatty acids (PUFAs), especially arachidonate, an important precursor for various inflammatory mediators. In this study, the levels of phosphatidylethanolamine ( Fig. 4B-D) and phosphatidylcholine ( Fig. 4E-G group. This could be a reflection of subtle changes in DNA/ RNA metabolism and/or purine nucleotide de novo biosynthesis. It is intriguing that MTX treatment was associated with a general increase in the levels of purine nucleotides ( Fig. 5D and E) , since MTX has been shown to inhibit DHFR, the enzyme involved in the generation of N10-formal tetrahydrofolate from folate to support purine de novo biosynthesis. It has been reported in the literature that MTX interferes with purine metabolism, resulting in accumulation of adenosine, which was also observed in this study (Fig. 5F) . Apoptosis Finally, in order to determine whether there were cytotoxic effects associated with the treatments, the induction of apoptosis was evaluated by measuring phosphatidylserine externalization by flow cytometry using annexin V FITC as a probe. Cells were treated with 10 and 100 nM MTX, for 24 h. In control cells a large majority of cells (97%) showed a low affinity for annexin V FITC ; the remaining 2%, corresponding to basal cell death, had mean fluorescence intensity in the range indicated below for treated cells. Indeed, after treatment with MTX, the labeled cells, corresponding to apoptotic cells, were 5%, and 6% for 10 and 100 nM MTX treatments, respectively (Fig S1A) . There was no difference in apoptosis in cells treated with infliximab ( Fig  S1B) . The data show that there was a very modest increase of apoptosis in cell death between cells MTX-treated and untreated cells within the time frame used. The data were also confirmed by propidium iodide (not shown).
Discussion
RA shows invasion by immune cells in the synovial tissues of the affected joints. 48, 49 Primarily the hands and feet are affected, but other joints may be progressively involved. Patients with RA experience a progressive destruction of the affected joints, leading to disability. CD4+ T cells play a central role in immune protection. 50 They do so through their capacity to help B cells make antibodies, to induce macrophages to develop enhanced microbicidal activity, to recruit neutrophils, eosinophils, and basophils to sites of infection and inflammation, and, through their production of cytokines and chemokines, to orchestrate the full panoply of immune responses. [51] [52] [53] However, abnormal activation of T cells was seen as the critical event in most organspecific autoimmune diseases. For T-cell homeostasis and adaptive immunity, it is critical that T-cell metabolism adequately meets and is suited to the needs of specific T-cell functions. If metabolism fails to support T-cell demands, autophagy, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] cell cycle arrest, 64, 65 and apoptosis via Bcl-2 family proteins may ensue. Conversely, excess metabolism may promote T-cell hyper-reactivity and autoimmunity. A greater understanding of how these pathways are regulated and function in lymphocytes becomes increasingly important with the availability and interest in the therapeutic use of drugs that alter metabolism.
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Through metabolic manipulation, it may be possible to extend survival of lymphocytes and ultimately alter their differentiation. Conversely, it may be possible to target metabolic pathways and mediators to control the formation of T-cell lineages or to suppress T-cell responses by blocking specific metabolic pathways essential for T-cell growth and proliferation. This approach has proved promising in cancer therapy, and given the similarities of cancer cell metabolism with that of activated lymphocytes, it is likely that a similar strategy may provide a new approach to modulation of the immune system.
Both MTX and infliximab are effective in the treatment of inflammatory arthritis; however, while there is a very good response of some patients to a biological therapy, there is also a complete lack of response in a large number of other patients. 102 Since the biological effects of these treatment and the mechanisms underlining the cell response are still not well understood, a more detailed understanding of the biochemical changes in T cells is required to elucidate toxicity pathways, the oxidative stress effects, and the response mechanisms triggered by this treatment. Therefore, the goal of this study was to examine the potential effects of these drugs on the metabolome by analyzing the global metabolic changes associated with MTX or infliximab treatment Welch 2-sample t-test was used to determine whether the means of the two populations are different. A total of 148 metabolites were identified. Red indicates an increase; green indicates a reduction. original data are shown in Table S1 .
of isolated human CD4+ T cells. Cells were isolated and treated with either MTX or infliximab plus related controls and collected 24 h post-treatment. The numbers of statistically significant changes in biochemicals associated with the treatment groups compared with the corresponding controls were limited and below the estimated numbers of false discovery, suggesting that the treatment effect failed to overcome the inherent biological noise associated with the study. Principal component analysis (PCA) supported the above conclusion by showing no clear separation among the treatment groups. However, the PCA demonstrated clustering among different CD4+ cell preparations, suggesting a confounding effect from different sources of CD4+ cells (Fig S2A) . It is worth pointing out that MTX was detected in the 2 MTX treatment groups and was absent in the controls and infliximabtreated groups (Fig S2B) . In addition, the relative concentrations of MTX in the 2 MTX groups reflected the doses used in the experiment confirming the platform performance. In summary, the data presented herein on the global metabolic changes associated with MTX or infliximab treatment of isolated human CD4+ T cells, demonstrate that these drugs have a minimal toxic effects at clinically relevant concentrations. The biochemicals involved in a number of pathways showed some promising and subtle trends that did not reach statistical significance. Treatment of CD4+ cells with MTX was associated with subtle alterations in purine and glucose metabolism manifested in the fluctuations in biochemicals involved in glycogenolysis, glycolysis, and PPP. Both MTX and infliximab at the doses used in this study may exert subtle impact on inflammation demonstrated by the consistent trends observed in certain PUFA species and lysolipids. These observations provide some insights into the potential mechanisms involved in mediating the anti-inflammatory effects of MTX and infliximab. Since the metabolic profile for individual patients is highly dynamic compared with, for example, genes and protein levels, it would be worth studying how these metabolites correlate with disease activity. It is possible that the metabolite profile of individual patients could be used as a tool for predicting the disease course, and thereby facilitates optimal treatment.
Materials and Methods

Isolation of cells
Venous blood from healthy donors was collected by venepuncture into heparinized tubes (BD Biosciences). The donors, all males, were healthy volunteers recruited through advertisement by the University of Rome "Tor Vergata", Rome, Italy. Their mean age was 24.0 y (range, 22-28 y of age). Peripheral blood mononuclear cells (PBMC) were isolated by density-gradient centrifugation with Ficoll Paque (Amersham Biosciences). After washing, the PBMC were then depleted of monocytes by MACS separation columns with CD4 microbeads (Miltenyi Biotec): CD4+ cells passed through the column and were collected, washed, and suspended in RPMI 1640 (Gibco) culture medium. Ethical approval was obtained from all participants that gave informed consent.
Cell culture
The cell cultures were maintained at 37 °C and 5% CO 2 in RPMI 1640 medium supplemented with Glutamax I (Life Technologies) supplemented with 10% fetal calf serum (FCS), 1% of penicillin/streptomycin, 2% sodium pyruvate, 0.05 mM 2-mercaptoethanol, and 5 mM HEPES.
Reagents preparation and treatment MTX and infliximab were prepared according to the manufacturers' recommended protocol. Control reagent was a human IgG1K (Sigma). MTX at 10 nM and 100 nM concentrations or infliximab was added to the cell cultures. The total number of cell was divided in 5 different groups (5 groups of 5 samples each), and each group contained: (1) human CD4+ cells as control; (2) human CD4+ cells treated with MTX at the dosage of 10 nM; (3) human CD4+ cells treated with MTX at the dosage of 100 nM; (4) human CD4+ cells treated with infliximab at the dosage of 1 µg/ml; (5) human CD4+ cells treated with IgG1k at the dosage of 1 µg/ml as control of infliximab. After 24 h incubation, cells were harvested and prepared for metabolomic and other analysis.
Flow cytometry analysis
Flow cytometry was performed as described in Tucci et al. 103 Phosphatidylserine exposure was evidenced using annexin V FITC added at a final concentration of 140 nM. Incubation at room temperature was allowed to proceed for 10 min in the dark before data acquisition. Samples were analyzed using a FACScan flow cytometer (Becton Dickinson).
Metabolomic analysis
Samples were immediately stored at -80 °C and, at the time of analysis, were extracted and prepared for analysis using a standard metabolic solvent extraction method, as described in references 29 and 30. Briefly, the extracted samples were split into equal parts for analysis by gas chromatography/mass spectrometry (GC/MS) or liquid chromatography/mass spectrometry (LC/MS/MS) platforms. Also included were several technical replicate samples created from a homogeneous pool containing a small amount of all study samples.
The LC/MS portion of the platform was based on a Waters ACQUITY UPLC and a Thermo-Finnigan LTQ mass spectrometer, which consisted of an electrospray ionization source and linear ion-trap mass analyzer. The sample extract was split into 2 aliquots, dried, and then reconstituted in acidic or basic LC-compatible solvents, each of which contained 11 or more injection standards at fixed concentrations. One aliquot was analyzed using acidic positive ion optimized conditions and the other using basic negative ion optimized conditions in 2 independent injections using separate dedicated columns. Extracts reconstituted in acidic conditions were gradient eluted using water and methanol, both containing 0.1% formic acid, while the basic extracts, which also used water/methanol, contained 6.5 mM ammonium bicarbonate. The MS analysis alternated between MS and data-dependent MS2 scans using dynamic exclusion.
The samples destined for GC/MS analysis were re-dried under vacuum desiccation for a minimum of 24 h prior to being derivatized under dried nitrogen using bistrimethyl-silyltriflouroacetamide (BSTFA). The GC column was 5% phenyl and the temperature ramp is from 40 °C to 300 °C in a 16 min period. Samples were analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using electron impact ionization. The instrument was tuned and calibrated for mass resolution and mass accuracy on a daily basis. The information output from the raw data files was automatically extracted.
For ions with counts greater than 2 million, an accurate mass measurement could be performed. Accurate mass measurements Figure 4 (See previous page) . Inflammation. 12-Hete showed a non-statistically significant downward trend in the 100 nM MtX group in relation to the control and the 10 nM MtX group that could suggest an inhibition of inflammation by the higher dose of MtX treatment. A similar trend was observed between the infliximab-treated group in relation to the IgG1K group. pUFAs, mainly w-3 showed a subtle and upward trend with 100 nM MtX in comparison to the control and 10 nM MtX while w-6 showed subtle downward trending with infliximab treatment in comparison to the IgG1K control group. Lysolipids showed a consistent upward trend with MtX treatment in comparison to the control suggesting a subtle fluctuation in the activity of pLA. However, changes in lysolipids with infliximab treatment were not consistent. the effect of MtX and infliximab exposure for 24 h is shown on indicated lipids (A-K). See Figure 1 for legend code. could be made on the parent ion as well as fragments. The typical mass error was less than 5 ppm. Ions with less than 2 million counts require a greater amount of effort to characterize. Fragmentation spectra (MS/MS) were typically generated in a data-dependent manner, but if necessary, targeted MS/MS could be employed, such as in the case of lower level signals. Compounds were identified by comparison with library entries of purified standards or recurrent unknown entities. Identification of known chemical entities was based on comparison with metabolic library entries of purified standards. The combination of chromatographic properties and mass spectra gave an indication of a match to the specific compound or an isobaric entity.
Data quality: Instrument and process variability Instrument variability was determined by calculating the median relative standard deviation (RSD) for the internal standards that were added to each sample prior to injection into the mass spectrometers. Overall process variability was determined by calculating the median RSD for all endogenous metabolites (i.e., non-instrument standards) present in 100% of the matrix samples, which are technical replicates of pooled client samples.
Metabolite summary and significantly altered biochemicals
The metabolic analysis, as from above, comprises a total of 148 named biochemicals. Following normalization to total protein determined by Bradford assay, log transformation, and imputation with minimum observed values was performed for each compound. Welch 2-sample t tests were then used to identify biochemicals that differed significantly between experimental groups. A summary of the numbers of biochemicals that achieved statistical significance (P ≤ 0.05), as well as those approaching significance (0.05 < P < 0.1) is shown as a table and a supplementary figure in the "Results" section.
An estimate of the false discovery rate (Q value) is calculated to take into account the multiple comparisons that normally occur in metabolic-based studies. For example, when analyzing 200 compounds, we would expect to see about 10 compounds meeting the P ≤ 0.05 cut-off by random chance. The Q value describes the false discovery rate; a low Q value (Q < 0.10) is an indication of high confidence in a result. While a higher Q value indicates diminished confidence, it does not necessarily rule out the significance of a result.
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